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We propose a new topological quantum state of matter—the two-dimensional (2D) Weyl half
semimetal (WHS), which features 2D Weyl points at Fermi level belonging to a single spin channel,
such that the low-energy electrons are described by fully spin-polarized 2D Weyl fermions. We pre-
dict its realization in the ground state of monolayer PtCl3. We show that the material is a half metal
with an in-plane magnetization, and its Fermi surface consists of a pair of fully spin-polarized Weyl
points protected by a mirror symmetry, which are robust against spin-orbit coupling. Remarkably,
we show that the WHS state is a critical state at the topological phase transition between two quan-
tum anomalous Hall insulator phases with opposite Chern numbers, such that a switching between
quantum anomalous Hall states can be readily achieved by rotating the magnetization direction.
Our findings demonstrate that WHS offers new opportunity to control the chiral edge channels,
which will be useful for designing new topological electronic devices.
Introduction.—Weyl semimetals have been attracting
extensive attention in recent research [1–9]. In a Weyl
semimetal, the conduction and valence bands cross lin-
early at isolated twofold degenerate nodal points in the
Brillouin zone (BZ), such that the low-energy electrons
resemble the relativistic Weyl fermions. Thus, many in-
triguing phenomena in relativity and high-energy physics
can be explored in condensed matter experiments [10–
12]. In order to achieve the Weyl point, it is necessary to
break the inversion (P) or the time reversal (T ) symme-
try to remove the spin degeneracy of the bands. So far,
most Weyl semimetals are realized in crystals with broken
P, while the candidates with broken T , i.e., the magnetic
Weyl semimetals, are much less [3, 13–17]. Moreover,
the studies are mainly for three dimensional (3D) sys-
tems. A Weyl point in 3D has a topological protection,
characterized by the Chern number defined on a surface
enclosing the point. In comparison, a Weyl point in 2D
must require additional symmetry protection [18]. Such
reduction of protection means that the Weyl semimetal
phase in 2D is less robust than its 3D counterpart. On
the other hand, however, it also leads to the opportunity
to more easily manipulate the topological phase transi-
tions in 2D, especially the interplay between magnetism
and band topology if the Weyl phase is realized in a mag-
netic state.
In this work, we propose a new topological state in
2D—the 2D Weyl half semimetal (WHS), which is both
a half metal and a semimetal, with fully spin-polarized
Weyl points at Fermi level formed in a single spin chan-
nel. Consequently, the low-energy electrons are fully
spin-polarized 2D Weyl fermions. We predict the real-
ization of this novel phase in monolayer PtCl3. Based
on first-principles calculations, we show that the ground
state of monolayer PtCl3 is a 2D WHS with an in-plane
magnetization, which preserves a vertical mirror plane.
A pair of 2D Weyl points are protected by the mirror
symmetry and are robust even under spin-orbit coupling
(SOC). Furthermore, we find that the 2D WHS state rep-
resents a critical point between two quantum anomalous
Hall (QAH) insulator phases with opposite Chern num-
bers ±1. By breaking the mirror, e.g., by rotating the
magnetization vector, one can readily control the real-
ization of QAH phases and the propagating direction of
the chiral edge channels. Our findings not only reveal
a new state of matter, but also offer promising material
platforms for novel topological spintronics applications.
Computational method.—Our first-principles calcula-
tions were based on the density-functional theory (DFT)
as implemented in the Vienna ab initio simulation pack-
age (VASP) [19, 20], using the projector augmented
wave method [21]. The generalized gradient approx-
imation with Perdew-Burke-Ernzerhof [22] realization
was adopted for the exchange-correlation functional.
The plane-wave cutoff energy was set to 520 eV. The
Monkhorst-Pack k-point mesh [23] of size 11×11×1 was
used for the BZ sampling. To account for the correla-
tion effects for transition metal elements, the DFT+U
method [24, 25] was used for calculating the band struc-
tures. The crystal structure was optimized until the
forces on the ions were less than 0.01 eV/A˚. The surface
spectrum was calculated by using the Wannier functions
and the iterative Green’s function method [26–29].
Structure and magnetism.—Monolayer PtCl3 consists
of a Pt atomic layer sandwiched by two Cl atomic lay-
ers, where the Pt atoms form a honeycomb lattice and
each Pt is surrounded by six Cl atoms forming an octa-
hedral crystal field, as shown in Fig. 1(a). It takes the
ar
X
iv
:1
90
3.
08
37
3v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 20
 M
ar 
20
19
2(a)
Pt
Cl
(b)
My
M+
M–
Γ
KM
(c)
Fr
eq
ue
nc
y 
(T
H
z)
0
5
10
Γ              Μ       Κ                 Γ
(d)
FM NAFM
SAFM ZAFM
x
y
K’
FIG. 1. (a) Top and side view of monolayer PtCl3, with edge
sharing PtCl6 octahedron forming a honeycomb lattice. (b)
First Brillouin zone for monolayer PtCl3 with high symme-
try points labeled. We also mark the orientation of the three
vertical mirror planes for the lattice structure (red lines). (c)
Phonon spectrum for monolayer PtCl3. (d) Possible magnetic
configurations considered: ferromagnet (FM), Ne´el antifer-
romagnet (NAFM), stripe AFM (SAFM), and zigzag AFM
(ZAFM). The magnetic moments are on the Pt sites forming
a honeycomb lattice.
TABLE I. The total energy Etot per unit cell (in meV, rela-
tive to Etot of the FM
y ground state) as well as spin 〈S〉 and
orbital 〈O〉 moments (in µB) for several magnetic configura-
tions calculated by GGA+SOC+U method. The superscript
in each configuration indicates the magnetic polarization di-
rection.
FMy NAFMy SAFMy ZAFMy FMz FMx PM
Etot 0.00 316.61 233.84 96.19 5.29 0.67 331.07
〈S〉 0.76 0.80 0.78 0.77 0.76 0.76 0
〈O〉 0.19 0.23 0.20 0.20 0.25 0.19 0
same structure as monolayer CrI3 [30] and RuCl3 [31]
that have been shown to be 2D magnetic materials. The
point group symmetry is D3d, with generators of a rotore-
flection S6 and a vertical mirror σd. Combining these two
operations leads to another two vertical mirror planes, as
illustrated in Fig. 1(b). The three vertical mirrors play an
important role in the discussion of the WHS state below.
The optimized lattice constant from our first-principles
calculations is 6.428 A˚. To confirm its stability, we cal-
culate the phonon spectrum, which shows no imaginary
frequency mode [see Fig. 1(c)], indicating that monolayer
PtCl3 is dynamically stable.
Pt is a transition metal element with partially filled
d shell, which may give rise to magnetism. Indeed, our
first-principles calculations show that monolayer PtCl3
favors a ferromagnetic (FM) ground state than the anti-
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FIG. 2. (a) Schematic depiction of the orbital splitting in
monolayer PtCl3. (b) Spin-resolved partial density of states
(PDOS) for monolayer PtCl3 projected on different orbitals.
(c) Band structure without spin-orbit coupling (SOC). The
red and blue bands are for spin majority (spin-up) and mi-
nority (spin-down) channels, respectively. (d) Enlarged view
of the band structure around the Weyl point. The red solid
(blue dashed) lines are for the bands with (without) SOC. (e)
Two Weyl points are located at K/K′ points without SOC
(blue points), and they are shifted along x direction on the
mirror-invariant line after considering SOC (red points).
ferromagnetic (AFM) or the paramagnetic (PM) states
[see Fig. 1(d) and Table I]. Furthermore, the FM state is
found to be a half metal, i.e., with a single spin channel
present at the Fermi level, as can be observed from the
projected density of states (DOS) in Fig. 2(b) and the
band structure in Fig. 2(c).
To understand this, we note that under the octahe-
dral crystal field, Pt-5d orbitals are split into t2g and eg
groups, with the latter energetically higher. For Pt3+
with seven valence electrons, Pt-t2g orbitals will be fully-
filled. Since the crystal field in PtCl3 is stronger than ex-
change field, the fully-filled t2g orbitals are away from the
Fermi level. On the other hand, Pt-eg orbitals are filled
by one electron, hence are fully spin-polarized. Because
there are two Pt atoms in the primitive cell, the bands
dominated by eg orbitals are half-filled for one spin chan-
nel and empty for the other, as schematically depicted in
Fig. 2(a). The bands around Fermi level are completely
from the spin-up subband of eg orbitals, therefore making
it a half metal with 100% spin polarization.
Next, we shall pin down the magnetization direction
for the FM ground state. We compare the energies by
scanning the magnetization direction m (with SOC in-
cluded), and find that: (i) in-plane directions are ener-
getically preferred over the out-of-plane ones; (ii) among
the in-plane ones, the directions perpendicular to the ver-
tical mirrors (i.e., the armchair direction for the Pt hon-
eycomb lattice) have the lowest energy (see Table I). It
3follows that the magnetic interaction around the ground
state configuration may be approximately described by
the following spin Hamiltonian
H = −
∑
〈i,j〉
J(Sxi S
x
j + S
y
i S
y
j )−
∑
i
D(Syi )
2, (1)
where Sx,y is the spin operator, 〈i, j〉 denotes the sum-
mation over nearest neighboring sites, J and D denote
the strengths for exchange interaction and anisotropy,
respectively. The values of J and D can be extracted
from the first-principles calculations. Approximating the
model as an anisotropic 2D XY ferromagnet, the Curie
temperature for the FM state can be estimated [32–34]
as TC ≈ 200 K.
2D Weyl half semimetal.—In the band structure plot in
Fig. 2(c), one notices a remarkable feature: the conduc-
tion and valence bands form a linear crossing point at the
Fermi level. Since the two crossing bands are fully spin
polarized (spin-up), the crossing point is twofold degen-
erate and represents a 2D Weyl point. Thus, the ground
state for PtCl3 is a 2D WHS, with the low-energy elec-
trons being 100% spin-polarized 2D Weyl fermions.
In the absence of SOC, a pair of Weyl points are lo-
cated at the K and K ′ points of the BZ, similar to
graphene, but they are formed by a single spin species.
Without SOC, the spin and the orbital part of the elec-
tronic wave function are decoupled, and hence all crys-
talline symmetries are preserved for each spin channel
separately as for spinless particles. To characterize the
low-energy band structure, we construct a k · p effective
model expanded around the K/K ′ point. It is subjected
to the C3v little group at K (K
′), with two generators
C3z and My. The effective Hamiltonian must satisfy
C3zH0(q+, q−)C−13z = H0(q+ei2pi/3, q−e−i2pi/3), (2)
MyH0(qx, qy)M−1y = H0(qx,−qy), (3)
where q is measured from K, and q± = qx± iqy. And the
two Weyl points are related by inversion. In the basis of
the 2D irreducible representation E for C3v, we find that
to linear order in q, the effective model takes the form of
the 2D Weyl model
H0(q) = vF (τqxσx + qyσy), (4)
where vF is the Fermi velocity, τ = ± for the K/K ′
point, and σi’s are the Pauli matrices acting in the space
of the two basis states. Thus, the low-energy electrons
indeed resemble 2D Weyl fermions. It is worth noting
that despite the similarity to the low-energy model for
graphene [35], the model basis and hence the described
fermions here are fully spin polarized.
As we have mentioned, the inclusion of SOC pins the
ground state magnetization perpendicular to one of the
vertical mirrors (taken to be My here). It follows that
the C3z symmetry is broken but the My symmetry is still
preserved. The preserved My dictates that the spin-up
and spin-down bands are still fully spin polarized (along
y) without hybridization by SOC. Remarkably, one finds
that the two Weyl points are maintained, only their lo-
cations slightly shifted from K and K ′ to some nearby
points on the path K-M and K ′-M which are invariant
under the remaining mirror [see Fig. 2(d) and 2(e)]. The
Weyl points are still protected, since the two crossing
bands have opposite My eigenvalues. On the level of the
effective model, to leading order in k, SOC introduces
the following term
HSOC = ησx (5)
for both K/K ′ points. As a result, the original Weyl
point at K/K ′ is shifted by ∓η/vF along the x direction
(i.e., on the mirror-invariant line) but does not open a
gap. This is consistent with the first-principles calcula-
tion result in Fig. 2(d). We mention that it is quite rare
to have robust 2D Weyl point under SOC [36]. To our
knowledge, this is the first time to find such Weyl point
in a magnetic state.
The above discussion demonstrates that the ground
state of monolayer PtCl3 is indeed a WHS with a pair
of fully spin-polarized 2D Weyl points, and this state is
robust under SOC. It is in contrast to the Dirac points in
graphene, which are unpolarized and are removed when
SOC is turned on. Below, we shall show that the WHS
state represents a critical point between two QAH insu-
lator phases with Chern numbers C = ±1. This in turn
requires that the WHS state must be gapless, since it is
located at a topological phase transition.
Tuning QAH phases.—Because the Weyl points are
protected by My, breaking My will generally remove the
Weyl points and open an energy gap. For example, the
result for m along the x direction (zigzag direction for
the Pt honeycomb lattice) is shown in Fig. 3(a). Clearly,
a finite band gap ∼ 15.5 meV is opened at the original
Weyl point. In the effective model, this adds a mass term
H∆ = ∆2 σz with |∆| the gap size, such that the effective
model becomes
H = H0 +HSOC +H∆. (6)
It is known that the gap opening at a 2D Weyl
point would induce a finite Berry curvature Ω(q) =
−2Im〈∂qxuv|∂qyuv〉, where |uv〉 is the eigenstate of the
valence band. The integral of Berry curvature in a region
around the Weyl point gives a valley topological charge of
±1/2 [37, 38], with the sign determined by sgn(∆). For
monolayer PtCl3, T is broken, and the two Weyl points
are related by P. Because the Berry curvature is an
even function under P, the valley topological charge for
the two points after gap opening must be the same, and
therefore a finite Chern number C = ∫
BZ
Ω(k)dk = ±1
must be resulted. This indicates that gapping the WHS
state will generate a QAH insulator phase.
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FIG. 3. (a) A gap is opened at the original Weyl point
when the magnetization is along the zigzag direction. (b) The
flower-like curve (red line) shows the band gap as a function of
the azimuthal angle φ for the magnetization direction, where
polar radius indicates the gap value (in meV). The blue (or-
ange) color indicates the regions with Chern number C = +1
(−1).
The analysis above is confirmed by the first-principles
calculations. In Fig. 3(b), we plot the band gap and the
Chern number as functions of angle φ, which is the az-
imuthal angle for the magnetization vector m, assuming
m is rotated in-plane. One observes that the gap van-
ishes at φ = ±pi6 , ±pi2 , and ± 5pi6 , at which one of the
mirror planes is preserved, and the state corresponds to
a WHS. In regions between these values, the gap be-
comes nonzero, and the Chern number takes values al-
ternating between +1 and −1. Since the finite band
gap and the (quantized) Hall conductivity σxy =
e2
h C
are tied together in the current case, the gap closing in
the WHS state can also be understood as a general sym-
metry requirement. It was shown by Liu et al. [39] that
to maintain the invariance of the Hall response equation
jx = σxyEy for a nonzero σxy, all the vertical mirrors
must be broken. Thus, at the special values of φ that
preserve a mirror, σxy hence the gap must be zero.
The hallmark of the QAH phase is the existence of chi-
ral edge states, i.e., gapless channels at the edge propa-
gating unidirectionally. Figure 4(a) shows the edge spec-
trum obtained from first-principles calculations, which
confirms the existence of one chiral channel per edge.
The chirality of the edge channel is determined by the
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FIG. 4. (a) The edge spectrum corresponding to the case in
Fig. 3(a), showing the existence of gapless chiral edge states.
(b) Schematic top views of a finite size sample. By tuning the
magnetization direction to regions with opposite Chern num-
bers, one can switch the propagation direction of the chiral
edge channel. This can be probed by the standard transport
measurement setup as in (c).
sign of Chern number. Consequently, by tuning across
the topological phase transition at the WHS state, the
propagating direction of the edge channel will be reversed
[see Fig. 4(b)]. This can be detected in electrical trans-
port measurement as shown in Fig. 4(c).
Discussion.—We have revealed a new topological
quantum state—the 2D WHS, and demonstrated its re-
alization in monolayer PtCl3. Since it is a critical state
at the topological phase transition between two QAH
phases, it offers great advantage to control the QAH
phases. In experiment, the switching can be readily
achieved by applying an in-plane magnetic field to rotate
the magnetization vector. By switching between C = +1
and −1 states, one changes the propagation direction of
the QAH chiral edge channel. This may offer a new mech-
anism for designing novel topological electronic devices.
The electronic correlation effect could be important
for transition metal compounds, although it is typically
weak for 5d elements like Pt. Here, we test the effect of
correlation via the DFT+U approach [24, 25]. We find
that the results are qualitatively unchanged for U values
up to 2 eV, and only for very large U (> 2.8 eV), the
system can be transformed into a Mott insulator. Since
typical U value for 5d elements is less than 1.5 eV, the
results presented here should be robust.
Finally, we mention that since the WHS state here is
protected by the mirror symmetry, it is robust under bi-
axial strain or uniaxial strains along the high symmetry
directions (zigzag or armchair), which preserve the mir-
ror. For more general strains (like shear strain), the WHS
would transform into the QAH phase. Strains can further
be used to tune the gap of the QAH state. For example,
the band gap for the case in Fig. 3(a) can be increased
5to ∼ 20 meV under a biaxial 5% compressive strain.
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